Abstract -Macrolide resistance in Streptococcus pneumoniae has emerged as an important worldwide problem over the past decade. The aim of this study was to investigate macrolide-resistant phenotypes and the antimicrobial susceptibility patterns of invasive pneumococci in Serbia. A total of 68 invasive pneumococcal strains, collected from 2009 to 2011, were sent from regional laboratories to the national reference Laboratory. Susceptibility testing was performed using the vItek2 system and phenotypes were determined by triple-test. Overall penicillin and erythromycin nonsusceptibility rates were 26% and 43%, respectively. resistance rates were higher in children than in adults. Co-resistance to penicillin and erythromycin was detected in 18% strains. resistance rates to the third generation of cephalosporins, tMp-SXt and tetracycline were 16%, 37% and 29%, respectively. All isolates were fully susceptible to vancomycin, linezolid, fluoroquinolones, telithromycin and rifampicin. twenty-two isolates (79%) an expressed macrolide-lincosamide-streptogramin B (MLS B) resistance phenotype and M phenotype was found in 21% of macrolide resistant strains.
IntrODuCtIOn
Worldwide, S. pneumoniae remains the most common cause of community-acquired pneumonia (CAp), bacterial meningitis, bacteremia, and otitis media. (Mitchell et al., 1995) . In recent decades, the increase in the prevalence of antimicrobial resistant pneumococci has been observed, with considerable geographical variation among the genotypes and phenotypes involved. Therefore, the emerging high-level antimicrobial resistance of pneumococci is a major challenge worldwide and may lead to treatment failures (Iannini et al., 2007; neuman et al., 2007) .
Beta-lactam antibiotics and macrolides are extensively used for the treatment of respiratory tract infections due to their broad spectrum of activity and safety profile. penicillin-nonsusceptibility rates increased worldwide during the 1990s and 2000s (Sogstad et al., 2006) . Macrolide resistance among S. pneumoniae isolates has risen to prominence during the last decade. These antibiotics are being used as initial empiric therapy for community-acquired respiratory tract infections. Over the 1990s, an increase in the proportion of pneumococcal isolates with combined nonsusceptibility to penicillin and erythromycin was observed (Felmingham et al., 2005b) . Selection and dissemination of penicillin and/or erythromycin nonsusceptibility in Streptococcus pneumoniae were associated with antibiotic consumption, mainly of oral cephalosporins (among β-lactams) and long-half-life macrolides (Whitney et al., 2005; Felmingham et al., 2007a; eSAC, 2010) .
Macrolide resistance (Mr) in S. pneumoniae is primarily due to two mechanisms: target site modification, encoded by the erm gene and efflux pump expulsion, mediated by the mef gene. target site modi-fication leads to reduction in the binding affinity of all macrolides, lincosamides, and streptogramin B to the 23S rrnA (MLS B phenotype) and it is defined by a high-level cross-resistance to all MLS B antibiotics. expression of MLS B resistance can be either constitutive (cMLS B ) or inducible (iMLS B ). efflux-mediated erythromycin resistance is associated with a particular resistance pattern (M phenotype) characterized by resistance only to 14-and 15-membered macrolides, usually at a low level (Lambert et al., 2007; Ambrose et al., 2005) .
The aim of this study was to analyze the antimicrobial susceptibility patterns of invasive pneumococcal isolates received at the national reference Laboratory (nrL) from 2009 to 2011, and to determine the prevalence of macrolide-resistant phenotypes of invasive S. pneumoniae isolates in Serbia.
MAterIALS AnD MethODS
A total of 68 invasive pneumococcal strains were received from twelve regional microbiological laboratories throughout the entire country at the nrL for streptococci and pneumococci, Institute of Microbiology and Immunology, Medical Faculty, Belgrade, between july 2009 and july 2011. Isolates were obtained from blood (n=31), cerebrospinal fluid (n=22) and pleural fluid (n=15). twenty-three out of 68 strains were from children (14 among ≤5 years old) and 45 from adults (21 from persons ≥65 years).
pneumococci were identified on the basis of typical colony morphology, alpha hemolysis, Gram-stain morphology, optochin sensitivity (Biorad, uSA), and a bile solubility and slide agglutination test (bioMerieux, France). The isolates were stored at -80°C in Brain heart Infusion Broth (Biolife, Italy) containing 10% glycerol.
Susceptibility testing against 17 antibiotics was done by the vItek2 (bioMerieux, France) automated system. Minimal inhibitory concentrations (MICs) of erythromycin and clindamycin were determined by e test (bioMerieux, France). Streptococcus pneumoniae AtCC 49619 was used as a quality control strain. results were interpreted according to the euCASt guidelines (euCASt, 2011) . Isolates with intermediate or high-level resistance were classified as nonsusceptible.
Macrolide resistance phenotypes were determined by a triple-disk diffusion test, using erythromycin (15µg), clindamycin (2µg) and spiramycin (100μg) disks, (biorad, uSA), as described elsewhere (Montanari et al., 2001 ). The M phenotype was scored when the isolate was nonsusceptible only to erythromycin. resistance to both erythromycin and clindamycin was considered a MLSB phenotype. An inducible MLS (iMLS B ) phenotype is characterized by a D-shaped zone around clindamycin and the constitutive MLS (cMLS B ) phenotype, without blunting of the zone.
Seven out of 28 randomly selected erythromycin resistant strains were serotyped by Quelling reaction, using antisera (Statens Serum Institute, Copenhagen, Denmark).
SpSS software, version 13.0, was used for statistical analysis. The chi-square test was used when appropriate. two-sided p values of 0.05 were considered to be statistically significant. reSuLtS Overall, the macrolide nonsusceptibility rate was 41% (28 out of 68 strains). The proportion was higher in children [57%, (13/23)] than in adults [33% (15/45)] (table 2) . however, the difference was not statistically significant (χ2=2.49; p=0.06). The lowest macrolide nonsusceptibility rate was observed in adults ≥65 years [24% (5/21)].
The proportion of penicillin nonsusceptible S. pneumoniae among all strains studied was 28% (19 out of 68 strains). A significantly higher percentage of penicillin resistance rates (χ2=3.08; p=0.04) were observed in children [44% (10/23)] than in adults [20% (9/45)] (table 2). penicillin resistance in adults ≥65 was 29% (6/21).
Co-resistance to penicillin and erythromycin was expressed in 11 out of 68 isolates (16%).
Ceftriaxone and cefotaxime nonsusceptible isolates became less frequent [15% (10/68)]. The rate was higher in children [30% (7/23)] than in adults [7% (3/45)] (table 2) . nonsusceptibility rates to trimethoprim-sulfamethoxazole and tetracycline were 40% and 29%, respectively, with no statistical significant difference between the two age groups.
Among 28 Mr S. pneumoniae examined in this study, 43% (12/28) and 36% (10/28) of the isolates displayed nonsusceptibility to penicillin and cefotaxime, respectively. A total of 20 isolates (29%) revealed multiresistant profiles exhibited resistance to penicillin, erythromycin, tetracycline and trimethoprim-sulfamethoxazole. Multiresistant strains were most frequently isolated in children.
however, all isolates were fully susceptible to vancomycin, linezolid, ofloxacin and newer fluoroquinolones, telithromycin and rifampicin. In addition, 25 strains (37%) were susceptible to all tested antibiotics.
Among Mr isolates, the MIC range of erythromycin was 0.5 (≥256 μg/ml), while the range of clindamycin was 0.032 (≥256 μg/ml).
On the basis of the erythromycin-clindamycinspiramycin triple-disk test, 19 out of 28 (68%), and 3 out of 28 (11%) strains were assigned to the cMLS and iMLS phenotype, respectively, while 6 out of 28 (21%) isolates were referred to the M phenotype. These findings, together with the ranges of MICs of erythromycin and clindamycin, are summarized in Among the 28 erythromycin-resistant clinical strains of S. pneumoniae investigated in this study, we found that the MLS B resistance phenotype was present in 22 out of 68 (79%) strains. Therefore, the MLS B phenotype, which demonstrates high-level resistance to MLS antibiotics, was significantly dominant. This phenotype is predominant in southern european countries, Italy, Spain and the entire Mediterranean region (reinert et al., 2005) , whereas the M phenotype predominates in north America, england, and Germany (Mcellistrem et al., 2005) .
We also found that the prevalence of penicillin nonsusceptible pneumococcal (pnSp) strains is high (26%), with a significant difference between pediatric (44%) and adult (20%) isolates. Most pediatric strains were isolated from patients with meningitis, while the majority of adult strains were obtained from patients with pneumonia. Since current CLSI (Clinical Laboratory Standard Institute, uSA) and euCASt (european Committee on Antimicrobial Susceptibility testing) guidelines use the different penicillin breakpoints for meningeal (resistant, MIC≥0,012µg/ml) and non-meningeal strains (nonsusceptible, MIC≥4µg/ml) (CLSI, 2011), we interpret our results in accordance with revised cut-off values. Therefore, pediatric patients revealed significantly higher penicillin resistance rates. The frequency of penicillin nonsusceptible pneumococcal isolates in our collection is similar to those observed among invasive isolates in other countries, such as Spain (30% in 2010) and France (28% in 2010) (eArSS, 2010) . It was, however, higher than those in countries of central and northern europe, and lower than those in Cyprus (41.7%), South Africa (74%), the Far east (63%), and the Middle east (54%) (eArSS, 2010; jenkins et al., 2008) .
Sixteen percent of our invasive strains expressed co-resistance to penicillin and erythromycin. The last eArSS report noted that the overall rate of dual nonsusceptibility to these antibiotics remained below 6.2% in 2010 in europe. proportions of simultaneous nonsusceptibility to penicillin and macrolides ranged from 0.0% (estonia, Lithuania) to 36.4% (Cyprus). The rate of pneumococcal co-resistance in Serbia is similar to that reported in Spain (17%) and Belgium (22%) (eArSS, 2010).
We found that erythromycin nonsusceptibility was also associated with resistance to tetracycline and trimethoprim-sulfamethoxazole. The high prevalence of such strains can be explained by co-resistance, mainly between tetracycline and macrolides. This association is commonly associated with the presence of several transposons that carry the genetic determinants encoding resistance to both antibiotics (Brenciani et al., 2007) . up to 30% of the isolates expressed multiresistant pattern. These strains were most frequently isolated in children.
Differences in rates of pneumococcal antibiotic resistance between countries have been shown to be associated with levels of antimicrobial consumption and the introduction of pneumococcal conjugate vaccine. It has been established that the proportion of resistant S. pneumoniae isolates has remained generally stable in europe due to the introduction of the pneumococcal conjugate vaccine at the beginning of the 2000s. The widespread use of this vaccine is an important factor that may have influenced the decrease in antibiotic resistance levels, eliminating the infections (and more important, the children's car-riage) of frequent 'classic' resistant serotypes. This vaccine was licensed in Serbia, but it is not included in the national vaccination program.
In spite of the scarce number of serotyped isolates, we found that almost all of them belong to the most common macrolide-resistant serotypes (19F and 14) . Our results are in line with the results reported from other countries, conducted over a similar period (Imohl et al., 2009) . This is the first study assessing macrolide-resistant phenotypes and antimicrobial susceptibility of invasive S. pneumoniae isolates from Serbia. Its limitation was the relatively small number of isolates, which should be considered in the interpretation of the results. nevertheless, the high level of macrolide resistance, with the predominance of the MLS B phenotype among invasive pneumococcal isolates in Serbia, should be stressed. Further studies are needed to investigate comprehensively the serotype distribution and molecular epidemiology of these isolates. 
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